Abstract. During recent summers (2007)(2008)(2009)(2010)(2011)(2012), several surface melt records were broken over the Greenland Ice Sheet (GrIS). The extreme summer melt resulted in part from a persistent negative phase of the North Atlantic Oscillation (NAO), favoring warmer atmospheric conditions than normal over the GrIS. Simultaneously, large anomalies in sea ice cover (SIC) and sea surface temperature (SST) were observed in the North Atlantic, suggesting a possible connection. To assess the direct impact of 2007-2012 SIC and SST anomalies on GrIS surface mass balance (SMB), a set of sensitivity experiments was carried out with the regional climate model MAR forced by ERA-Interim. These simulations suggest that perturbations in SST and SIC in the seas surrounding Greenland do not considerably impact GrIS SMB, as a result of the katabatic wind blocking effect. These offshoredirected winds prevent oceanic near-surface air, influenced by SIC and SST anomalies, from penetrating far inland. Therefore, the ice sheet SMB response is restricted to coastal regions, where katabatic winds cease. A topic for further investigation is how anomalies in SIC and SST might have indirectly affected the surface melt by changing the general circulation in the North Atlantic region, hence favoring more frequent warm air advection towards the GrIS.
Introduction
The Greenland Ice Sheet (GrIS) is the world's second largest ice sheet with an area of ≈ 1.7 million km 2 , covering more than 80 % of Greenland. The GrIS contains almost 10 % of the earth's total freshwater, accounting for a ≈ 7 m global mean sea level rise if completely melted. The ice sheet thickness is about 3 km at its center and progressively decreases towards the ice-free tundra. Previous work has shown that the GrIS is sensitive to climate warming in response to a combination of natural and anthropogenic forcing. GrIS mass loss has accelerated over the last decades (Rignot et al., 2011; Enderlin and Howat, 2013; Fettweis et al., 2013; Wouters et al., 2013) as a result of enhanced surface melting and iceberg calving (Van den Broeke et al., 2009 ); these processes contribute ≈ 25 % to recent global sea level rise (Shepherd et al., 2012) , affecting coastal regions worldwide. Moreover, by increasing the discharge of fresh meltwater into the Atlantic Ocean and lowering its salinity, GrIS mass loss has the potential to weaken the Atlantic thermohaline circulation (Hanna et al., 2009) .
Since 2007, several melt records have been broken over the GrIS (Hanna et al., 2013a) . In particular, July 2012 was characterized by the largest melt extent ever recorded during the satellite era, affecting 97 % of the ice sheet surface (Tedesco et al., 2013) . To explain these events, several hypotheses have been put forward. Anomalous atmospheric circulation, attributed to the persistent 2007-2012 negative phase of the North Atlantic Oscillation (NAO) in summer, has favored warmer and drier conditions over the ice sheet, enhancing surface melting . The NAO phase is determined on the basis of the North Atlantic Oscillation Index (NAOI), computed as the normalized pressure difference between Gibraltar and Reykjavik (Jones et al., 1997; Osborn, 2004; Fettweis, 2007) . A negative NAO is characterized by
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less intense westerly flow in mid-latitudes, resulting from weakening of both the Icelandic Low and the Azores High. This promotes southwesterly advection of subtropical air towards the GrIS (Fettweis, 2007) . According to Fettweis et al. (2013) , about 70 % of the recent surface melt increase can be attributed to this anomalous circulation. The remaining 30 % might be explained by long-term anthropogenic warming in the Arctic and the associated changes in oceanic conditions .
Regional oceanic forcing, i.e., changes in sea ice cover (SIC) and sea surface temperature (SST), could also have contributed to GrIS surface mass balance (SMB) decline. In this study, a regional climate model (RCM) is used to assess GrIS SMB sensitivity to perturbations in SIC and SST in the seas surrounding Greenland. A distinction is made between "direct" and "indirect" effects of oceanic forcing on GrIS SMB. The direct effect is defined as the local (i.e., around Greenland) impact of SIC and/or SST anomalies on nearsurface air temperature and moisture, without considering feedbacks on the general circulation. Conversely, the indirect effect takes into account the SIC-and/or SST-induced general circulation variations (Overland et al., 2012) and their potential influence on the atmospheric conditions above Greenland. Owing to the limitations of using a RCM with constant lateral forcing, we only study the direct effect.
Previous studies of the direct effect of oceanic forcing on GrIS SMB using the regional climate model MAR (Modèle Atmosphérique Régional), forced by ERA-Interim reanalyses, were based on imposing SST variations (Hanna et al., 2009) or combined SIC-SST perturbations (Hanna et al., 2013a) . The results suggest that independent SST variations (±2 • C) can not fully explain the GrIS melt record observed in the summer of 2007 (Hanna et al., 2009) . In a second experiment, Hanna et al. (2013a) used the climatological mean SST and SIC during 1979-1994 instead of 2012 to prescribe oceanic conditions in MAR. They found that this combination of SIC and SST anomalies did not significantly influence GrIS SMB in the summer of 2012. Hanna et al. (2013b) stated that perturbations in oceanic conditions might be partly responsible for the recent shift to a persistent negative NAO. This shift might contribute to largescale circulation changes, potentially affecting GrIS SMB (Overland and Wang, 2010; Jaiser et al., 2012) . To evaluate both the direct and indirect impact of oceanic forcing on GrIS SMB, Day et al. (2013) conducted two sensitivity experiments, consisting of an individual SIC retreat and a combination of SIC reduction and rise in SST, over a 30-year period. They used the regional climate model HadRM3, forced every 6 h by the global circulation model HadAM3. Monthly mean SIC and SST, averaged over 2061-2090 and based on the A1B scenario, were used to force HadRM3 and HadAM3. The surface climate variables, supplied by HadRM3 for both experiments, were then used to compute runoff over the GrIS with the ITM (Insolation-TemperatureMelt) SMB model. The comparison with a reference run, characterized by present-day SST and monthly mean SIC , allowed Day et al. (2013) to isolate the effect of SIC and combined SIC-SST anomalies on GrIS SMB. The results indicate that an individual SIC reduction leads to a winter precipitation increase, spatially restricted to the center and the eastern parts of the GrIS. This enhanced accumulation results from stronger evaporation over the ice-free ocean. During summer, a SIC decrease weakens North Atlantic cyclonic activity, lowering precipitation over the southern GrIS (Hoskins and Hodges, 2002; Day et al., 2013) . The higher winter precipitation increases surface albedo, reducing summer runoff and hence resulting in a positive SMB anomaly. In contrast, a combined SIC-SST forcing leads to a warmer and wetter atmosphere, increasing both winter precipitation and summer surface melting over the GrIS. The mass gain is exceeded by enhanced runoff, resulting in a net decrease in SMB (Day et al., 2013) .
In spite of these previous studies, large uncertainties remain in the direct oceanic forcing's impact on GrIS SMB. In their experiments, Hanna et al. (2009 Hanna et al. ( , 2013a ) used a relatively small integration domain (≈ 6.3 × 10 6 km 2 ), including only a narrow band of oceanic pixels around the GrIS. Consequently, oceanic pixels located close to the edges of the RCM domain are strongly constrained by the lateral boundary forcing, potentially suppressing the oceanic impact on the atmospheric conditions. The integration domain area selected for this study (Fig. 1) is twice as large (≈ 13.2 × 10 6 km 2 ) and extends 300 km further from the ice sheet margins in the northward and southward directions, 550 km eastwards and 950 km towards the west. In addition, both previous studies using MAR only analyzed a single year, prescribing oceanic anomalies from May to September. Other issues are that HadRM3 significantly underestimates total precipitation and ITM SMB overestimates runoff, likely impacting the results of the sensitivity experiments. Finally, monthly mean SIC and SST were prescribed in HadRM3, neglecting interdiurnal dynamics of oceanic forcing and their influence on the atmospheric conditions. As a result, these previously published sensitivity experiments might not use sufficiently large oceanic perturbations to generate a significant impact on GrIS SMB.
In this paper, we use MAR forced by ERA-Interim to evaluate whether single or combined SIC and SST anomalies could significantly impact GrIS SMB by prescribing modified oceanic conditions within a larger integration domain at 40 km spatial resolution. Regional models of GrIS SMB have improved considerably in recent years, and MAR presents relatively small contemporary biases since it has been especially developed to model GrIS SMB (Fettweis, 2007) . Our sensitivity experiments cover the entire year, and 6-hourly anomalies in SIC and SST are prescribed for 2007-2012, Table 1 . well-evaluated RCM which incorporates an interactive snow routine. In Sect. 2, MAR is briefly introduced as well as the reference and sensitivity simulations. Section 3 describes the impacts of SIC and/or SST anomalies on GrIS SMB. The impact of oceanic forcing on the katabatic wind intensity is discussed in Sect. 4, followed by conclusions in Sect. 5.
Model and setup

The regional climate model MAR
MAR consists of a 3-D atmospheric model that predicts the evolution of the coupled land-atmosphere system resulting from radiative and atmospheric forcing within the integration domain boundaries (Gallée and Schayes, 1994) . MAR is coupled to the 1-D module SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer) (Gallée and Schayes, 1994; Ridder and Gallée, 1998) , which simulates mass and energy fluxes between the surface-vegetation-atmosphere system. SISVAT includes a 1-D multi-layered snow model, based on the CEN (Centre d'Etudes de la Neige) snow model CRO-CUS (Brun et al., 1992) , which computes the energy fluxes between the sea ice, the ice sheet surface, the snow-covered tundra and the atmosphere (Gallée et al., 2001; Fettweis, 2007) . CROCUS consists of a thermodynamic and water balance module including sub-modules for meltwater refreezing, snow metamorphism, snow/ice discretization and surface albedo (Brun et al., 1992; Gallée et al., 2001 ). Drifting snow is not considered as it is assumed to have a minor effect on SMB relative to other components ).
MAR's ability to model GrIS SMB was demonstrated by comparing MAR outputs (Fettweis, 2007) with in situ measurements (Lefebre et al., 2003 Gallée et al., 2005; Rae et al., 2012; Vernon et al., 2013 ) and satellite observations (Fettweis et al., , 2011 Tedesco and Fettweis, 2012) . By simulating GrIS SMB using different spatial resolutions, ranging from 15 to 50 km over 1990-2010, www.the-cryosphere.net/8/1871/2014/ The Cryosphere, 8, 1871-1883, 2014 Franco et al. (2012) showed that spatial resolution has no significant impact on the modeled-integrated GrIS SMB in MAR.
Setup of MAR simulations
ERA-Interim reanalysis data (Stark et al., 2007; Dee et al., 2011) are used to force MAR at its lateral boundaries every 6 h over 2007-2012. The reanalysis is available at a 0.75
Since MAR is not coupled to an ocean model, the ocean surface conditions, i.e., SIC and SST, are also prescribed every 6 h from ERA-Interim. The ice sheet topography, based on Bamber et al. (2013) , is kept fixed. The integration domain, depicted in Fig. 1 , extends up to 900 km around the GrIS margins (a) to include the neighboring sea ice and oceans and (b) to avoid direct influence of lateral forcing on simulated near-surface conditions above the seas surrounding Greenland. This research is based on MAR version 2 (MARv2), with model settings as used in Fettweis et al. (2013) .
Reference run and sensitivity experiments
The reference simulation covers the period 2002-2012. The first 5 years were used to spin up the snow model since a proper snow cover initialization, driving the surface albedo and the bare ice exposure, is essential to accurately model GrIS SMB . The sensitivity experiments are branched from the reference run in 2007. Therefore, only the 2007-2012 period is considered in this study. ERA-Interim SIC and SST 6-hourly fields are prescribed in MAR for the reference simulation (Fig. 1a, d ). The atmospheric boundary conditions at each MAR vertical level are likewise imposed by ERA-Interim and remain identical in each sensitivity experiment. Therefore, the conducted sensitivity experiments only account for the direct and local (i.e., around Greenland) oceanic impact on GrIS SMB, since no oceanic forcing feedback on the general circulation is considered here. This study should therefore be regarded as a limited-area model study of the sensitivity of GrIS SMB to oceanic conditions.
SIC anomaly forcing
In the SIC sensitivity experiments, the SIC of each oceanic grid cell is replaced by the maximum (resp. minimum) SIC value from a distance range of three to six grid cells surrounding the current one. This adjustment is applied on the 6-hourly SIC field from ERA-Interim. As a result, SIC is progressively increased (resp. decreased) in three or six peripheral grid cells, i.e., by 120 or 240 km of horizontal distance, extending outward (resp. inward) from the actual sea ice boundary. This method avoids abrupt and hence unrealistic changes in SIC between adjacent ice-free and ice-covered oceanic grid cells (Fig. 1b, c) and does not perturb the seasonal cycle. These experiments are referred to as SIC ±3 and SIC ±6 in the following sections.
To prevent sea ice from obtaining a surface temperature (ST) higher than the melting point (0 • C) and open-water characterized by an ST lower than the assumed saltwater freezing point (−3 • C), an ST correction is applied to each pixel subjected to SIC change, computed as
where ST (i,j ) is the corrected surface temperature in • C for the pixel (i,j); SIC (i,j ) is the new computed SIC of the pixel (i,j); ST (i,j ) is the pixel (i,j) uncorrected surface temperature in • C; ST melting is the melting point (0 • C) while ST freezing is the saltwater freezing point (−3 • C).
SST anomaly forcing
In the SST experiments, 6-hourly SST is increased (resp. decreased) by 2 or 4 • C over the ice-free ocean (Fig. 1e, f) . These experiments are called SST ± 2 and SST ± 4. For an SST reduction, ice-free oceanic grid cells are converted into ice-covered grid cells when ST drops below the assumed saltwater freezing point (−3 • C). For sea-ice-covered grid cells, the ST is limited to the melting point (0 • C) to prevent any SIC change.
Combined SIC-SST anomaly forcing
For the combined sensitivity experiments, an increase (resp. decrease) in SIC is combined with a decrease (resp. increase) in SST to consider the sea ice insulation feedback. The 6-hourly SIC and SST anomalies are computed according to Subsects. 2.3.1 and 2.3.2, respectively. These experiments are named SIC ± 3 / SST ∓ 2 and SIC ± 6 / SST ∓ 4 in the following sections.
Magnitude of perturbations in oceanic conditions
To assess the magnitude of the perturbations in the oceanic conditions applied in our sensitivity experiments, Table 1 lists ERA-Interim control and perturbed June-July-August (JJA) SST and SIC values. The annual mean integrated SIC is computed for our whole model integration domain, whereas the annual mean SST is calculated for the region confined by the black box in Fig. 1 . This area was selected because it remains free of sea ice in all experiments, hence excluding numerical artifacts introduced by differences in open ocean area. The 1979-2000 period is used as a reference, because summer SIC has declined and SST has risen since 2001.
The sensitivity experiments represent a 2.5 to 5 times higher (resp. lower) anomaly in SIC (+3, +6; resp. −3, −6) and/or SST (−2, −4; resp. larger perturbations relative to previous work, we aim to verify and/or newly assess the sensitivity of modeled GrIS SMB to locally modified oceanic conditions, and determine which processes transfer/block the signal to/from the GrIS surface.
Results
Hereafter, only anomalies in precipitation and runoff are discussed, since these components are the main drivers of GrIS SMB variability (Box et al., 2004) . The anomalies in the annual mean SMB components are listed in Table 2 , with significant values printed in bold. The significance was evaluated using a one-sided Student's t test with a 95 % degree of confidence, based on the differences in GrIS-integrated annual SMB components between the sensitivity experiments and the reference simulation over 2007-2012.
SIC sensitivity experiments
A local increase in SIC surrounding the GrIS results in reduced evaporation over the North Atlantic Ocean. This leads to a significant negative snowfall anomaly, mainly in the southeastern GrIS where precipitation peaks (Fig. 2a, b) . Snowfall anomalies at other locations are smaller and hence not visible in Fig. 2 . No significant changes in rainfall, runoff and melting are simulated for a rise in SIC (Table 2 ). For the SIC +6 experiment, the wintertime near-surface air temperature decreases by about 10 • C over the newly sea-ice-covered areas, resulting from a substantial sensible heat flux reduction. In summer, the marginal sea ice and the surrounding SST are both close to the ice melting point (0 • C), allowing no large change in near-surface air temperature above the ocean. Therefore, a sea ice increase in summer does not significantly impact GrIS runoff, since this ablation process is sensitive to positive anomalies in near-surface air temperature. This emphasizes that SIC operates as a heat and moisture insulator over the ocean, mainly affecting wintertime sensible heat exchange and evaporation, whereas it presents a weaker influence on summer near-surface air temperature, resulting in almost unchanged runoff over the GrIS (Fig. 3b,  e) . As a result, the significant snowfall decrease in the southeastern GrIS leads to a locally significant negative anomaly in SMB (Fig. 5b) . Conversely, a SIC retreat generates respectively a significant increase in snowfall over the southeast in combination with a scattered, small decrease in runoff. This ablation reduction results from the local rise in summer snowfall (Table 2), enhancing the summer surface albedo and hence lowering the melt energy available at the surface. Both these processes imply a small but significant positive anomaly in SMB along the southeastern GrIS margin (Fig. 5e ).
SST sensitivity experiments
Higher SST induces an increase in evaporation leading to significantly enhanced snowfall (Fig. 2f) and rainfall (Fig. 4f) over the southeastern GrIS margins. In addition, positive SST anomalies partially convert summer snowfall into rainfall over this region (Table 2) in runoff is simulated over the ablation zone in western Greenland, resulting from higher near-surface temperatures induced by the warmer surrounding ocean (Fig. 3f) . Integrated over the GrIS, the local mass loss, induced by enhanced runoff in western Greenland, exceeds the mass gain in the southeast (Table 2) . This leads to a small negative integrated SMB anomaly (Fig. 5f) . Opposite results are obtained for a reduction in SST (Fig. 5c ).
Combined SIC-SST sensitivity experiments
A combined decrease in SIC and rise in SST enhances the positive snowfall anomaly relative to individual SIC or SST perturbations (Table 2 and Fig. 2g ), as both forcings favor increased evaporation above the northern Atlantic Ocean. Anomalies in rainfall and runoff (Figs. 4 and 3d, g ) are also significant and similar to these induced by an individual increase in SST (Figs. 4 and 3c, f) , since SIC perturbations have no significant influence on the summer nearsurface air temperature. The decline in runoff is smaller for the SIC + 6 / SST − 4 experiment compared to the SST − 4 simulation (Table 2) , because a SIC extension only generates significant negative snowfall anomalies. This results from the weakened SST influence on near-surface air temperature and hence on runoff when the sea ice expands. Likewise, the reduction in summer snowfall is similar to the SST + 4 experiment, as SIC anomalies have no significant influence on summer snowfall (Table 2) .
For a coupled increase in SIC and drop in SST, both the local mass loss, resulting from snowfall reduction in southeast Greenland, and the coastal mass gain due to decreased runoff are similar in magnitude and hence almost in balance when integrated over the whole GrIS (Fig. 5d) . Opposite results are obtained for the SIC − 6 / SST + 4 experiment as displayed in Fig. 5g . As a result, the local SMB anomalies induced by the combined forcing experiments are smaller than those simulated in the individual sensitivity simulations (Table 2) . This highlights the importance of accurately modeling the snowfall / runoff ratio as significant anomalies in these components tend to compensate for each other, leaving the integrated SMB almost unchanged.
Discussion
None of the sensitivity experiments result in a large direct SST or/and SIC impact on SMB when integrated over the GrIS for the 2007-2012 period (Table 2) . At most, SIC ± 6 perturbations account for a ±7 % anomaly in integrated SMB (Table 2 ). Compared to the 1979-2000 interannual variability (≈ 100 Gt yr −1 or ≈ 25 %; Fettweis et al., 2013) , these SMB anomalies are minor and fall within the MAR SMB uncertainty range of about ±10 % . Although significant regional SMB anomalies exist in our sensitivity experiments, these are mostly restricted to the western coastal regions, driven by runoff perturbations, and the southeastern region, driven by snowfall changes (Fig. 5) . These results suggest that integrated GrIS SMB varies quasi-linearly with individual perturbations in SIC and SST, whereas a nonlinear relationship is found for the combined SIC-SST forcings. This nonlinear relationship results from the compensating effect between ablation and accumulation anomalies when these are integrated over the whole ice sheet.
Katabatic wind blocking effect
An important role in limiting the oceanic forcing impact on GrIS SMB is played by katabatic winds (Rennermalm et al., 2009) . Katabatic winds result from negatively buoyant air over a sloping surface (Van Angelen et al., 2013) , induced by a negative net surface energy budget, cooling the nearsurface air (Ettema et al., 2010) . This leads to the formation of an anticyclonic circulation pattern centered over the GrIS, allowing cold and hence dense near-surface air to flow down from the GrIS summit towards the surrounding ocean (Heinemann, 1999) . Figure 6 depicts the JJA mean anomalies in air temperature ( • C), accounting for runoff perturbations, and the annual mean anomalies in specific humidity (g kg −1 ), representative of the annual total accumulation, in the SIC − 6 / SST + 4 experiment. As katabatic winds are directed offshore, they prevent near-surface oceanic moisture and temperature anomalies, induced by SIC or/and SST perturbations, from penetrating far onto the GrIS and hence from substantially affecting its SMB. Over the tundra areas and surrounding oceans, katabatic winds cease as a result of progressive decrease of the surface slope, allowing a small oceanic influence on the SMB in low-lying coastal regions. However, humidity anomalies persist above the katabatic layer (Fig. 6) , slightly enhancing moisture advection towards the ice sheet interior in southeastern Greenland, allowing local positive SMB anomalies to spread further inland. The western Greenland coast is more sensitive to oceanic forcing than the eastern coast (Fig. 6 ) partly due to its gentler slopes, leading to weaker katabatic winds. Since humidity and temperature perturbations are mainly restricted to the atmospheric boundary layer (Fig. 6 ), heat and moisture advection in the free atmosphere is not considerably affected by changes in near-surface conditions over the ocean. In agreement with Rennermalm et al. (2009 ), Ettema et al. (2010 and Van Angelen et al. (2013) , the impact of oceanic forcing on GrIS SMB is enhanced in summer, when katabatic winds weaken (Fig. 6a ).
Oceanic forcing impacts on katabatic winds
Since sea ice does not substantially affect near-surface air temperature in summer, anomalies in SIC have no major impact on the JJA thermal gradient between the ice sheet and the ocean (Fig. 7b, e katabatic wind intensity (Fig. 8b, e) . In winter, a SIC decrease results in a sharp rise in near-surface temperature, generating a surface pressure reduction over the oceanic areas affected by a sea ice retreat (Fig. 9e) . This leads to a small increase in the strength of winter katabatic flow (Fig. 10e) . The horizontal temperature gradient increases with rising SST (Figs. 7 and 9f) , resulting in enhanced katabatic winds over coastal regions (Figs. 8 and 10f ). However, changes in surface conditions are less extensive in winter than in summer as the SST anomalies are restricted to ice-free oceanic areas. An increase in katabatic wind intensity is thus limited to the summer season (Fig. 8f) .
Similar results are simulated for individual SST (Figs. 7 and 8c, f) and combined SIC-SST anomalies in summer (Figs. 7 and 8d, g ) since summer SIC perturbations have no important effect on near-surface air temperature. In winter, the combined effects of SIC retreat and SST rise on surface pressure add up to provide slightly stronger katabatic winds (Fig. 10d, g ).
Conclusions
A regional climate model (MAR) was used to assess the GrIS SMB sensitivity to perturbations in SIC and SST in the seas surrounding Greenland. The results confirm previous findings that the direct impact of oceanic forcing on GrIS SMB is small and mainly limited to coastal regions, especially along the western periphery, where local SMB anomalies are induced by runoff perturbations, and the southeastern coast, where SMB is driven by precipitation variability. Changes in SIC significantly affect winter snowfall in the southeastern GrIS by modifying the moisture and heat fluxes between the ocean and the atmosphere. Solid precipitation is enhanced for a SIC retreat, leading to a significant positive anomaly in integrated GrIS SMB. An increase in SST also enhances evaporation and near-surface warming, leading to a rise in GrIS runoff which exceeds the increase in precipitation. When integrated over the whole ice sheet, the net result is a small negative SMB anomaly. A combined SIC withdrawal associated with an SST increase leads to both higher snowfall and runoff. Therefore, these ablation and accumulation processes compensate for each other, leaving integrated SMB almost unchanged.
These results are consistent with previous studies focusing on individual changes in SIC (Day et al., 2013) , SST (Hanna et al., 2009) , and combined SIC-SST forcings (Hanna et al., 2013a) . However, Day et al. (2013) suggest a net decrease in integrated SMB induced by an Arctic SIC reduction combined with a global SST increase, raising the atmospheric temperature worldwide and affecting the general circulation. Nevertheless, this may also be due to the fact that HadRM3 underestimates contemporary GrIS precipitation (Vernon et al., 2013) and the ITM SMB model overestimates runoff (Day et al., 2013) . This stresses the importance of accurately modeling contemporary SMB components, since their response to combined oceanic forcings is nonlinear as a result of the feedback between albedo, conditioned by snowfall anomalies, and surface melt.
Given the small direct oceanic impact on GrIS SMB, the 2007-2012 melt records are thus more likely attributed to the recent persistent negative phase of the NAO, favoring anomalous southwesterly warm air advection towards the GrIS in the free atmosphere. Higher upper atmosphere temperatures would enhance the downward longwave radiation and hence increase the surface melting. Oceanic forcing might have indirectly contributed to the recent negative NAO shift (Overland and Wang, 2010; Jaiser et al., 2012) . Continued sea ice retreat in summer may thus lead to prolonged phases of negative NAO, further accelerating GrIS surface melt (Jaiser et al., 2012) (i.e., sea ice-free Arctic Ocean in summer) and SST (i.e., 6 to 12 • C warmer than present day) in the GENESIS 3.0 global climate model, Koenig et al. (2014) show that a more permanent negative NAO pattern might occur in a future warmer climate. Their ice sheet model results suggest that this general circulation perturbation might considerably affect the GrIS SMB and lead to both a reduced ice sheet extent (≈ −71 %) and volume (≈ −83 %), resulting in a sea level rise of 5.8 m in a 5000-year time span. Arctic amplification, partly induced by the positive melt-albedo feedback, may thus be a factor in the negative NAO trend observed since 2007 (Overland and Wang, 2010; Jaiser et al., 2012) . Finally, our results suggest that direct oceanic forcing is unlikely to be involved in the various melt records that have been set over the GrIS since 2007. The main reason is that katabatic winds, flowing down the ice sheet slopes, are strong enough to prevent near-surface oceanic air from penetrating far onto the ice sheet and hence affecting its SMB. At most, oceanic forcing may have slightly contributed to local SMB anomalies in coastal regions, where katabatic winds dissipate. In a future warmer climate, a rise in SST associated with a decline in SIC might even reinforce Greenland katabatic winds by enhancing the thermal contrast between the warmer ocean and the cold ice sheet interior. This might thus further reduce the direct oceanic impact on GrIS SMB. However, even though direct oceanic forcing does not considerably affect GrIS SMB, it does enhance the calving rate of marine terminating glaciers in the southeast and northwest of Greenland (Thomas et al., 2003; Howat et al., 2005; Luckman and Murray, 2005; Bindschadler, 2006) , when warm North Atlantic water infiltrates coastal fjords and melts the front and bottom of floating glacier tongues (Hanna et al., 2009 ). 
